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1PART I
INTRODUCTION.
1 . OBJECT. The object o f this thesis is  to present in 
simple forms both graphical and algebraical methods to be employed 
in finding the stresses of masonry arches according to the e la s tic  
theory.
Considering the fact that masonry arches are constructed 
o f materials and under conditions which are more or less uncertain, 
the use of comprehensive formulas or methods is not necessary or 
warranted (see Art. 3 ). Consequently the formulas and methods here 
presented although somewhat approximate,are quite accurate enough 
fo r  the purpose fo r  which, they are intended.
Almost the entire portion o f the thesis is  taken up with 
the solution of examples both graphically and a lgebra ica lly , g iving 
each step in deta il so as to be easily  followed by those who have 
not the time to review the theory of arches in a comprehensive 
manner.
2. CONCRETE vs. STEEL BRIDGES. Reinforced or plain con­
crete arches are being used not only in preference to steel trusses 
or steel girders where the stone arch is  too expensive, but the 
concrete bridge is frequently replacing the old steel structure.
The reasons generally conceded for this wide spread growth may be 
b r ie f ly  stated as: ( 1 ) greater durab ility ; ( 2 ) less cost o f mainte­
nance; (3 ) less vibration  and less noise; and (4) more aesthetic 
e ffec ts .
In many cases a concrete bridge can be bu ilt fo r  less
2cost than a f ir s t -c la s s  steel span. The concrete nay 1)6 la id  with 
less sk illed  labor than the steel bridge. The foundations fo r  a 
concrete arch are frequently more expensive than the abutments fo r  
a stee l truss, because o f the greater area required to take the 
thrust; while on the other hand, in rock or other hard material, a 
less quantity of concrete may be required fo r  the arch abutments. 
This part o f the design may often be the determining feature from 
the economical standpoint.
The most serious objection to s tee l, especia lly  fo r  high­
way bridges, l ie s  in the fact that unprotected i t  can not res is t 
fo r  any considerable length of time the oxidation due to a ir, water 
and locomotive gases; and unless properly cared fo r  and frequently 
painted, i t  rusts badly. In a concrete bridge, the steel is  e f ­
fe c t iv e ly  prevented from rusting by the concrete in which i t  is  
imbedded so that, when properly designed and b u ilt, no repairs 
whatever should be required, and no lim it  can be placed upon the 
l i f e  o f such a bridge.
Concrete is strongest in compression, and is  therefore 
eminently suitable fo r  use in arch spans where the stresses are 
la rge ly  compressive. The mass of concrete and the quantity o f 
earth f i l l i n g  or ba llast over the arch so deaden the impact due to 
t r a f f ic  that in many cases no impact allowance need be made; while 
the noise and vibration  which occur in s tee l spans are avoided.
Owing to these facts , together with the enormous demand 
fo r  stee l products during the war or even a considerable time a fte r  
it ,th e  concrete bridge w il l  become more and more important in the 
engineering world.
33. THE UNCERTAINTIES OF VARIOUS FEATURES IN ARCH DESIGN. 
The strength and s ta b ility  of a masonry arch depend upon the positio: 
of the lin e  of resistance; and before th is can be determined, i t  is 
necessary that the external forces acting upon the arch shall be 
fu lly  knovm, i . e . ,  that ( 1 ) the point o f application, ( 2 ) the d i­
rection, and ( 3 ) the in tensity of the forces acting upon each 
voussoir shall be knovm. Unfortunately, the accurate determination 
of the external forces is , in general, an im possib ility.
I f  the arch is  surmounted by a masonry wall, i t  is  impos­
s ib le  to determine, with any degree of accuracy, the e ffe c t o f the 
spandrel walls upon the s ta b ility  of the arch. I t  is  usually as­
sumed that the entire weight of the masonry above the s o f f i t  presses 
v e r t ic a lly  upon the arch; but i t  is  known certa in ly  that th is is  not 
the case, fo r  with even dry masonry a part o f the wall w il l  be s e l f ­
supporting. The error in the assumption is certa in ly  on the safe 
side. The in a b ility  to determine tM s pressure constitutes one o f 
the lim itations of the theory of the arch.
In computation of stresses in the arch, there are usually 
no horizontal forces to be considered. But as the extrados is  some­
what of a regular curve, there would be active horizontal components 
of the v e r t ic a l pressure on this surface. Further, i t  is usually 
assumed that the arch ring alone supports the masonry above i t ;  
while, as a matter of fa c t, the entire masonry from the intrados 
to the top o f the backing acts somewhat as an arch in supporting 
its  own weight.
I f  the arch supports a mass of earth, we can know neither 
the amount nor the d irection  of the earth, pressure with any
4considerable degree of accuracy. The pressure of the earth is  us­
ually assumed to be wholly -vertical, even though i t  is  well known 
that the pressure o f earth, in general, gives active horizontal 
forces.
These facts  together with the uncertainties as to the 
c o e ffic ien t o f e la s t ic ity , to the temperature of variation , to the 
c o e ffic ien t of expansion of concrete, to the fixedness of the ends 
of the arch and to the position  o f the neutral axis, make a mathe­
m atically accurate solution o f a concrete arch almost impossible, 
although i t  has been shown by experiment that the methods based 
on the e lastic  theory are very nearly true.
4. TWO THEORIES OF THE ARCH. There are two classes o f 
theories of the s ta b ility  of the masonry arch - the lin e-o f-th ru st 
theories and the e la s tic  theories. The lin e-o f-th ru st theories do 
not consider the e la s tic  properties of the materials, and are usual­
ly  employed for arches made up of wedge-shaped stones, ca lled  
voussoirs.
Stone arches are generally calculated by these theories; 
and the s ta b ility  o f the arch ring is considered as depending upon 
the fr ic t io n  and the reaction between the several arch stones. 
Various assumptions are made in arriv ing at these d iffe ren t l in e -o f-  
thrust theories, and the results derived from them are not so accur­
ate as where the e la s tic  properties of the materials are employed. 
They are generally used in determining the proper shape o f the arch 
ring before applying the e las tic  theory to the monolithic arch.
(For d e ta il, see Baker's Masonry Construction, pp. 617-641).
5In the e las tic  theories, the arch is  considered to support 
its  load by v irtue of internal stresses developed in the material. 
Any voussoir arch, whether made of stone or brick, w il l  act as 
e las tic  arch as long as the lin e  of resistance l ie s  within the mid­
dle th ird of every jo in t, i . e . , as long as no tension is  developed; 
and any arch whether voussoir or monolithic, w il l  act as an e la s tic  
arch as long as maximum tension does not exceed the safe tensile  
strength o f the mortar or the e las tic  lim it  o f the concrete, which 
is  usually taken to be one-tenth o f the ultimate strength.
5. GENERAL CONCEPTION OP AN ARCH. An arch is  somewhat
lik e  the upper chord of a truss in that i t  may be en tire ly  in com­
pression, the tension chord being supplied by earth pressure on the 
back of the abutments. I f  the abutments be free  to move, they are 
pressed outward by the thrust of the arch, the lower chord is
broken, and the arch may f a i l  p rec ise ly  as a truss would f a i l  under
sim ilar condition. Under this conception, the arch is  more l ik e  a 
truss than lik e  a beam, but most of the points o f d ifference are 
more apparent than real.
6. GENERAL DISCUSSION OP AN ARCH DESIGN. A concrete arch
with fixed  ends is  s ta t ic a lly  indeterminate. There are, in a l l ,  
six unknown quantities - three at each support - and i t  is  possible 
to determine only three unknowns by the princip les of statics. The 
three additional equations may be found from the fo llow ing condi­
tions; ( 1 ) the change in span of arch = 0 , ( 2 ) the v e rt ic a l 'de­
fle c t io n  at one end = 0 , (3) the change in d irection  o f the tangent
to the arch axis at the crown = 0. Instead of actually find ing the 
components of the reactions and the moments at the supports, which 
are sim ilar fo r  symmetrical arches, i t  is  su ffic ien t to find  the
6thrust, shear, and moment at the crown. The method of doing th is 
can he carried out either graphically or a lgebra ica lly  as w il l  be 
explained in Parts I I  and I I I .  With these three unknowns deter­
mined, each h a lf of the arch may be treated as s ta t ic a lly  determin­
ate. The next step is to find  the thrust, shear and bending moment
sat intermediate sections in the -j— divisions, and then the stresse 
resu lting therefrom. A transverse s lice  o f the arch is  considered, 
having a thickness of 1 foot. A horizontal thrust is  produced at 
the crown when the arch is loaded symmetrically. For non-symmetrical 
loading, an inclined pressure acts at the crown, but i t s  horizontal 
component is  ca lled  the horizontal thrust fo r  that loading. Its  
v e r t ic a l component is  the shear at the crown.
In general, the design of an arch is a t r ia l  process, 
the design being selected and then investigated to see i f  the sec­
tions are of su ffic ien t strength. I f  the arch f i r s t  chosen is  too 
large or too small, i t  must be revised.
7. RELIABILITY OP THE ELASTIC THEORY. As concrete res is ts  
tensile  stresses but in d iffe ren tly , i t  is  not safe to permit a 
tension o f more than one-tenth o f its  safe compressive strength fo r  
a plain concrete arch. Concrete when reinforced with stee l is  
very much more re lia b le  than concrete without the steel. The prin­
cipal d if f ic u lty  experienced both in plain and reinforced concrete 
arches is  the location of the neutral axis o f any particu lar sec­
tion. The location without any doubt sh ifts  about under the action 
of d iffe ren t loads and perhaps with the position  o f a load. As the 
e la s tic  theory assumes the arch axis to pass through the neutral 
axis o f each section o f the rib , i t  is  evident that we must assume
7the axis to l i e  at the center of gravity o f the section and treat 
the material according to the common theory of flexure.
While a rein forced rib  w il l  sa fe ly  res is t tension by v i r ­
tue of the s tee l, yet the best designers so proportion the arch rib 
that i t  is never subjected to tension under dead and l iv e  loads.
For temperature stresses the compression in the concrete must not 
exceed about 800 pounds per square inch, including the e ffe c t  of 
the dead and l iv e  loads.
Even when considering the d if f ic u lt ie s  b r ie f ly  mentioned 
above and also our almost absolute ignorance o f the actual d is t r i ­
bution of stress over a rein forced section, we are compelled to 
accept the e las tic  theory as our best guide in designing such 
structure.
8. GRAPHICAL AND ALGEBRAICAL METHODS. Any problem of 
the arch can be solved both graphically and a lgebra ica lly . The 
graphical method has been claimed by some w riter to be shorter 
and simpler than the algebraical. In rea lity , each method has 
its  use, and neither is  exclusively better than the other. I t  
w i l l  be seen in Part I I I  that the algebraic method can be often 
made quite expeditious by proper tabulation, and by the use o f the 
s lid e  rule. One great advantage of the algebraical method l ie s  
in the fact that i t  is easier to be understood. To understand i t  
c lea rly  may lead to an in te llig en t design.
8PART I I
SOLUTION OF PLAIN CONCRETE ARCH.
1. GENERAL DESCRIPTION. I t  is proposed to investigate 
the stresses of one of the f iv e  60-foot arches of the Penny-packer 
"bridge on the Philadelphia and Reading Railroad "by the graphical 
method given in Baker*s Masonry Construction. The arch was con­
structed monolithic. A 1:3:6 concrete was used "below the springing 
lin e , and a 1;2;4 above. ‘The upper surface of the arch pitches 6 
inches toward the axis o f the bridge, and is  drained by a 4-inch, 
pipe bu ilt into the concrete of each p ier. Tongue and groove v e r t­
ica l transverse expansion jo in ts  are provided in the spandrel wall, 
two over each p ier, extending from the haunches through the opening,
2. DATA FOR COMPUTATION.
Arch
Span of the intrados = 60 f t .
Rise of the intrados = 30 f t .
Radius of the intrados = 30 f t .
Radius of the arch axis = 35. 75 f t .
Radius of the extrados = 42.25 f t .
Thickness at the crown = 3 f t .
Thickness at the springing lin e  
Loading
Live Load
= 1 1  f t .
Equivalent uniform load of 600 lbs. per lin ear foo t to be
supported by the arch ring.
Dead Load
Track - uniform load of 30 lbs. per lin ear foo t to be sup 
ported by the arch ring.
9Concrete - 150 lbs. per cu. f t .
Earth f i l l i n g  - 100  lbs. per cu. f t .
i
Allowable stresses.. ■ . ........
Unit compressive stress fo r  concrete = 600 lb. per sq. inch in 
arch ring fo r  a 1 :2 ;4 concrete.
Modulus o f e la s t ic ity  fo r  concrete = 1,500,000 lb . per sq. inch. 
Temperature variation
20° F. above a mean temperature of 60° F, and 30° F. below. 
C oe ffic ien t of expansion
0.000,054 per unit length of span per degree of temperature F.
3. NOMENCLATURE, IMPORTANT CONDITIONS AND FORMULAS. 
Nomenclature
a = center o f each of the divisions of the arch ring, 
ac = v e rtica l intercept between the arch axis and the true 
equilibrium polygon.
ak = v e r t ic a l intercept between a and the reference lin e  k1 k2g.
b = width of section ( fo r  our case, b = 1  f t .  ) 
bm = intercept between the t r ia l  equilibrium polygon and the 
closing lin e  m,m*o .
bn = intercept between the t r ia l  equilibrium polygon and the 
t r ia l  closing lin e  n, .
bv = intercept between the t r ia l  equilibrium polygon and the 
f i r s t  closing lin e  v, v«o.
c = distance of the remote f ib e r  stress from the arch axis.
E = modulus o f e la s t ic ity  of concrete.
F = shear on radial section at any point, 
f  = unit extreme fib e r  stress, lb . per sq. in.
10
fb = unit f ib e r  stress due to bending, lb. per sq. in.
f£ = unit f ib e r  stress due to shearing, lb. per sq. in.
ft = unit f ib e r  stress due to thrust, lb. per sq. in.
Hc = true pole distance in pounds.
He = t r ia l  pole distance in pounds.
I = moment o f in ertia  of the section o f the arch ring, 
i  = intercept o f triangle n, F'v, ( t r ia l  equilibrium polygon).
I  = span of the arch axis.
„ a Q. .2n = to ta l number of y -  d ivisions.
p = normal pressure per unit of length at the intrados, in lb. 
CJ, = conceived horizontal thrust due to variation  of tempera­
ture.
R = resultant force on radial section = resultant of T and F. 
r = radius o f intrados at the crown. 
r ' = resultant o f forces represented by the intercepts bv.
AS = length o f each of y -  d ivisions measured along the arch 
axis.
T = normal thrust in radial section at any point, in lb.
t = thickness along the radial lin e  of the arch. ring.
tc = c o e ffic ien t of lin ear temperature expansion. 
t„ = number of degrees r ise  or f a l l  of temperature. 
tfi = equivalent temperature producing same e ffe c t  as the rib  
shortening.
Tz = resultant of forces represented by triangle n,vzo v, .
Tr = resultant of forces represented by triangle ^ n ^ y ^ .
v, m, and v*„ m*o = end ordinates of the t r ia l  equilibrium polygon 
with the true closing lin e .
11
v, n( = ?w nzo = average of the bv ordinates. #
X = horizontal distance o f the lin e  Rr from the center lin e  
of the arch.
Xt = horizontal distance of the t r ia l  T-j. from the center lin e  
of the arch.
Xr = horizontal distance of the t r ia l  from the center lin e  
of the arch.
Conditions to he F u lfille d  fo r  the True Equilibrium Polygon.
~  = constant.
lak = 0 ..................................( 1 )
£ck = 0 ................................. ( 2 )
£ak.X = 0 ........................ . . (3 )-
Zck.x = 0 .............................. (4)
Zck.y = r a k .y ...................... (5)
Important Formulas.
Equilibrium Polygon:
Fc = p r ......................( 6)
R' = I b v ...................... (7)
x - S a p ............... (a)
R' , Qv
n. = E+5 • • • ( 9)
T ria l Tt = Tria l Tr= 7T" (10)
* i = ...................( 1 1 )
Xr = - ...................( 1 2 )
v,m, = _  v, n, . . . (13)
X y
X . -  X  . . . .
\omxo = -2~-. . (14)
X1  .
= He x . . . (15)c c Xak.y v 7
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Dead and L ive Load Stresses:
 ^ 6F. ac
3 d ...................
. . . (16)
*  .  i ..........................
H d • • • U7)
IV = £ ..........................
i d
. . . (18)
r  _ T L 6 H.ac
d 1  ~ i r ~  • • •
. . . (19)
The f i r s t  term of the right-hand side of equation 19 is  
always compressive (+ ). Dor the extrados the la s t term is 
plus, i .e .  , compression when the equilibrium polygon l ie s  
outside of the arch axis, and minus, i . e . ,  tension, when 
inside; a.nd fo r  the intrados the stress is  the reverse of 
that in the extrados.
Temperature:
Q - ^  X . ^ ...............Z ak. y ^3 . . . .  (20 )
j, 6 Q,. ak
f  = .............................. ( 2 1 )
II ...............( 2 2 )
f  = fe + f* = * “  ±. . . . .  (23)
The f i r s t  term in equation (23) is  + fo r  a r ise  and - fo r  
a f a l l  o f temperature. I f  the point l ie s  below the re fe r ­
ence lin e  k k , fo r  a rise  of temperature the second 
term is  - i . e . ,  tension, at the intrados and + i . e . ,  
compression at the extrados, and fo r  a f a l l  gives com­
pression at the intrados and tension at the extrados; 
and when the point l ie s  above k , k^o, the above stresses
are reversed.
13
Rib Shortening:
t R = — r* T R AS x Itc
Values of fh and f t fo r  rib  shortening may be obtained by
multiplying fb and ft due to f a l l  or rise  of temperature by
tpthe ratio  —  and th e ir signs are same as that fo r
tp
temperature fa l l .
4. DIVISION OS ARCH RING TO MAKE CONSTANT. The fo llow ­
ing graphical method was used in determining the successive d iv i-
-^Ssions of arch ring to make j — constant. Divide the arch axis of 
the semi-arch ring into eighteen equal parts; and measure the radial 
depth of the ring at each point of d ivision . Rectify the arch axis 
by stepping around i t  with a pa ir o f d ividers and lay o f f  distance 
to the scale 1H = 3 f t .  from A' to c' in P late I ;  and divide the 
lin e  A' c ’ into the same number o f equal parts as the semi-arch ring. 
At each d ivision of a' C 'erect a v e r t ic a l equal to the moment o f 
in ertia  at the corresponding point in AC; or since in a plain con­
crete arch the moment of in ertia  is  proportional to the cube of
t3the depth, fo r  convenience of p lo tt in g  lay o f f  ^  instead o f moment 
of in ertia . Connect the tops of these v e rt ic a ls  by a smooth curve, 
and then i t  may be assumed that any ordinate to the curve is  pro­
portional to the moment of in e rtia  at the corresponding point o f 
the arch ring.
To divide the arch axis into portions so that 4- i  
shall be constant, draw a lin e  c 'a  at any slope and then a lin e  ab 
at the same slope, and continue the construction by drawing other 
isosceles triangles as shown, using always the same slope. This 
divides the r e c t if ie d  arch axis into ten parts, such that length
14
of each part by the moment o f in ertia  at it s  center is  constant.
5. TO LOCATE TFE REFERENCE LINE K3C. The next step is  to 
locate the lin e  K, K*0 so as to sa tis fy  the conditions lak = 0 and 
lak.x = 0. This lin e  was drawn at a distance above a,a**equal to
the average of the ordinates o f the arch axis, i .e .  ,4r^ .2 n
6 . TRIAL EQUILIBRIUM POLYGON. The method employed in 
computing the loads and finding their centers of gravity  can be 
eas ily  understood by reference to Pla.te I and computing sheets No.
2 and 3.
The tr ia l equilibrium polygon v/as constructed with a pole 
distance of 23,000 lb. (Hi = pr) (See P late I I  and Computing Sheet 
No. 4).
To find the Resultant. The f i r s t  step toward find ing the 
closing lin e  is  to determine the amount and the position o f the re­
sultant R' o f the intercepts bv when considered as forces. The re­
sults are given in the Computing Sheet No. 4.
To find the closing Line o f the Tria l Equilibrium Polygon. 
The next step is  to find  a closing lin e  such that i f  ordinates from 
i t  to v, . . . v)0 . . .  = v*.0 are treated as forces, t^e ir resultant w ill 
be equal to R' in magnitude and coincides with i t  in position. As­
sume a t r ia l  closing lin e  n , nio p a ra lle l to v, v*<, , such that v, n, 
is  equal to the average of the bv ordinates. The ordinates v, n, . . .  
v*o n20 may be regarded as representing the negative forces which must 
oe added to the pos itive  forces b, v, . . .  bx„ vzo to give the closing 
lin e  n, nxo ; and sim ilarly , i f  lin es  n, v, , n, v*c , ana naovao be 
drawn, the to ta l negative forces may be regarded as being represented 
by the two triangles n,v^ v, and n.n^v** . Designate the resultant
15
of the forces represented by the triangle  n , v*.0 v, as t r ia l , 
and the resultant fo r  the triangle  n v** as T ria l T-v.
The magnitude of t r ia l  Tt is the sum of the ordinates 
of the triangle n,v l0 v, . Since the lin e  n, nie was drawn p a ra lle l to 
v ,Vlo , the triangles, n, vzov, and n.n^v*,, are equal; and therefore 
t r ia l  Tt = t r ia l  Tr = t  P - I f  a lin e  be drawn from v, to the
point where n.v^o crosses the v e r t ic a l through C ), then the moment 
of the triangle p 'va<) D' is equal to P'v, D'; and consequently the 
moment of the n (vao v, about F* is equal to the moment of n, F*v, 
about the same point. Computing Sheet No. 4 gives the values o f 
R ', X v,n, , T ria l Tz , T ria l Tt , Xx Xr , v, m, and .
The value of v,m, and mi0 having been found, the true 
closing lin e  is  obtained by drawing a lin e  from m, to mao .
The point q which divides the load lin e  into the true 
reactions at the right and the l e f t  abutments is  obtained by draw­
ing from the t r ia l  pole p' to the load lin e  a lin e  p a ra lle l to the 
closing lin e  m, ki20 .
?. TRUE EQUILIBRIUM POLYGON. Locate the true pole by 
measuring the true pole distance from q. Draw ve rtica l lin es 
through qr and q t , the points in which the closing lin e  and the 
t r ia l  equilibrium polygon intersects to cut the reference lin e  
K. K at Kr and Ka , respectively . Then from Kr draw the equilibrium 
polygon c , c*, . . .  czo which would pass through. K .
8. STRESSES. The stresses due to l iv e  and dead load, 
temperature, variation  and rib  shortening are given on Computing 
Sheets No. 5 to No. 7. The results given there have been thus 
arranged that the operations involved w ill  be clear and need no 
explanation.
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9. LOADINGS TO USE IN COHFUATION. The arch has been tested 
only with l iv e  load covering over the l e f t  ha lf of the span. In 
practice, small e a r th - fille d  arches lik e  th is should be designed
at least fo r uniform l iv e  load over the whole span and also the 
h a lf span. The exact loadings to cause maximum conditions w il l  be 
explained in Part I I I .
10. CONCLUSION. I t  is  seen from Computing Sheet No. 7 
fo r  a f a l l  o f temperature 30° F. some parts of the arch have to 
take tensile  stresses. Although they are not very high i t  w il l
be good practice to avoid them fo r  such material which can be only 
re lied  upon to take care of compressive stress.
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PART I I I
SOLUTION OP REINFORCED CONCRETE ARCF.
1. GENERAL DESCRIPTION. I t  is  proposed to investigate 
the stresses of one of the arches of the Danville Bridge By the 
method given in tt0o1 »s Reinforced Concrete Construction. The 
Bridge is  a double-track rein forced concrete arch on the Cleveland, 
Cincinnati, Chicago and St.Louis Railway, near Danville, I l l in o is .  
I t  is  230 f t .  long, and consists of three spans, one 100-ft. in 
the middle and one 80-ft. on each side. The large arch is  carried 
at each end By a channel p ie r; the stream end of each 80-ft. arch 
is carried By one of these p iers and the other end By the abutment. 
The r ise  of the 100-ft. arch is  40 f t .  and it s  springing lin e  is 
26 f t .  above the Bed of the stream. The r ise  of Both 80-ft. arches 
is 30 f t .  , But the springing lin e  is 10 f t .  above that o f the large 
arch. The crown o f the intrados of a l l  three arches are at the 
same elevation, 70 f t .  above the Bed of the stream. The Base o f 
r a i l  is  19.812 f t .  above the extrados o f the crown o f the arches. 
The tracks rest on a cushion o f earth 5 f t .  deep. Between th is 
shallow earth f i l l  and the extrados of the arches are short semi­
c ircu lar arches Built transversely to the lin e  o f the Bridge on 
the Bench walls, carried up from the extrados o f the main arches. 
These transverse arches are l£  f t .  thick at the crown and their 
span is 8 f t .  Their Bench walls are 2 f t .  thick and from 9 to 21 
f t .  high. The crowns o f the extrados o f a l l  are in the same h o ri­
zontal plane, the space over th eir haunches Being f i l l e d  with 
concrete to this plane. A longitudinal coping with it s  top at the
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same elevation as the base of r a il  is  b u ilt over these arches on 
each side of the structure. The earth cushion is  carried by the 
transverse arches and between the bridge copings.
The arch ring of each o f the main arches is  reinforced 
near the extrados with longitudinal ribs made up of 1 -inch bars,
12 inches center to center, 32 f t .  long and overlapped 4 f t .  at 
the ends. The longitudinal bars are 6 inches from the surface at 
the crown of the arch, from which point th eir depth o f cover is  
increased to 2 f t .  at the haunches. Just inside these bars are 
7/8-inch transverse bars. The arch rings are also reinforced near 
the intrados with 1 -inch, longitudinal ribs bu ilt up and spaced the 
same as those near the extrados. The ends of these ribs are anchor­
ed in the masonry of the haunches. Above the arch rings o f the main 
arches, the channel p iers are hollow. Each of the sides of th is 
hollow p ier is  formed by one of the bench walls in whose top an 
expansion jo in t is  made.
2. DATA FOR COMPUTATIONS.
Main Arch.
Span - 80 f t .
Rise - 30 f t .
Width - 42 f t .  outside to outside o f bench walls and 27 f t .  
inside to inside.
Steel reinforcement - a layer of 1-inch longitudinal bars,
12  inches center to center near the extrados, and another at 
corresponding distance from intrados, 6 inches from the sur­
face at the crown and 24 inches at the haunches.
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Spandrel Arches.
Span - 8 f t .
Thickness at crown - l-£ f t .
Space above the arches is  f i l l e d  with concrete to the le v e l 
o f the crown.
Elevation of Base of R a ilr 19.812 f t .  above the extrados o f the
crown of the main arches.
Depth of Ballast above Barth p il l in g  to Base of Rail - 6 inches.
Depth of Barth p il l in g  - 5 f t .
Loading.
Live Load - Cooper's Class B 60. The equivalent uniform load 
per lin ear foot o f track = —— 7— = 810.1b. (see Pig.
19, p. 159, Ketchum's Structural Engineering Band Book). 
Assume this load to be distributed over a base of 15 f t . ; 
and hence the load is 8100 -r 15 = 540. But i t  is  accurate 
enough and on the safe side to assume a load o f 600 lbs. 
per sq. f t .  to be supported by the spandrel arches.
Bead Load -
Weight o f Track;
Ties 6"x 8"x 8" , 15" ctrs. = 115 lb. per f t . track,
Ballast -fc'xlA 'x l '  at 140 lb. = 980 ft it tt ft
2 Running ra ils , 100 lb. each = 65 It tt ft 11
2 Guard ra ils , 60 lb. each
OII If 11 tt If
Total = 1200 M fi tt tt
1200 4- 15 = 80 it fi H If
To allow fo r  spikes, sp lice bars, e t c . , i t  is  accurate 
enough, and on the safe side to assume a load o f 90 lb. 
per sq .ft , of track to be supported by the spandred arche
20
Barth f i l l i n g  - 100 lb. per cu. f t .
Concrete including reinforcement - 150 lb. per cu. f t .  
Allowable Stresses.
fc = 600 lb. per sq. inch in arch ring fo r a 1:2:4 concrete. 
fs = 16,000 lb. per sq. inch.
= 2 , 000,000 lb. per sq. inch.
Eg = 30,000,000 lb. per sq. inch, 
n = 15.
Temperature variation  of 40° F. each way from an assumed tem­
perature of no stress.
3. NOMENCLATURE AND FUNDAMENTAL FORMULAS.
Nomenclature.
A = area of section including stee l = a + na 
a,. = area of concrete of section.
a$ = area of steel of section, 
b = width of section.
ca = average unit compression in concrete of arch ring due to 
thrust.
d = distance from surface of arch ring to axis o f re in force­
ment on opposite side.
d' = embedment of steel from either upper or lower surface.
Ee = the modulus of e la s t ic ity  o f concrete in compression.
Ii^  = the modulus of e la s t ic ity  of stee l in tension, 
fc. = maximum intensity of compressive stress in the concrete 
under a given load.
fs = maximum intensity of ten s ile  stress in the metal under 
the same load.
Fc = horizontal thrust at the crown.
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I = moment of in ertia  of section including concrete and 
steel = Ic + nl.5
I c = moment of in ertia  o f concrete of section.
I5 = moment of in e rtia  of steel o f section.
I = span of arch axis.
M = moment = NX*
m = moment at any point on either h a lf o f arch axis, o f a l l  
external loads "between that point and the crown.
Mc = 'bending moment at the crown.
mL = moment at any point in l e f t  ha lf o f arch axis o f a l l  
external loads between that point and the crown, 
m^  = moment at any point in right ha lf o f arch axis of external 
loads between that point and the crown.
N = normal thrust on radial section at any point, 
n =
Eo
nA = number o f d ivisions in one h a lf the arch.
a<= steel ratio  fo r  to ta l steel at section = —
bt
R = resultant force on radial section = resultant of N and S. 
r = distance from gravity axis to axis o f reinforcement.
S = shear on radial section at any point.
s = length of a d ivision  of the arch ring measured along the 
arch axis.
t = thickness of the section.
te = co e ffic ien t of lin ear temperature expansion. 
tp = number of degrees F. r ise  or f a l l  in temperature.
Vc = v e rt ic a l shear at the crown.
X0 = eccen tric ity  of thrust on section.
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fundamental formulas. 
Loading:
He
Me
n j(m , + m*)y - 1 ( 111,, + m* )?y 
l  (m  ~ rr^ ) x
2 l x 1 ...........................
I(m<, + m^) - 2He I ygn  ^ - ....................
M = Me + Hcy + Vc x - mt 
M = Mc + Hcy - VCX - m*
( 1)
(2 )
(3)
(4)
(5)
A ll values o f , m«, x and y should be substituted as 
pos itive . A ll summations referred  to one-half o f the arch. 
Pos itive  value of V0 indicates that the lin e  of pressure 
slopes upward towards the l e f t ;  a negative value, down­
ward towards the le f t .  Pos itive  value o f Me indicates 
that the thrust Hc acts above the arch axis. Signs pre­
ceding terms Mc and Vc X in formulas (4) and (5) depend 
upon the results of ( 2 ) and (3 ).
Temperature;
^  ^ tc t„ 1 n/, Sc
3 * 2[nh Lyx-(ty)'~]
( 6)
H c 2 y (7)
M = Mc + Hcy ( 8 )
The values of t # should be inserted as plus (+) fo r  a rise 
o f temperature; minus ( - )  fo r a drop. Signs preceding Fc 
in formulas ( 7 ) and ( 8) depend upon the result o f formula 
( 6 ),  Sign preceding Mc in formula ( 8) depends upon the 
result of formula (7 ). Thus fo r  f a l l  o f temperature, 
thrust and moment are of opposite sign from those fo r  a 
rise.
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Rib shortening:
I c .l n4 ................... (9 )
S S/'n^fy1- (ry  )*}
• .  .
. = Mc + K: y ......................................
Values of moments and thrusts fo r  rib  shortening are of 
same sign as fo r  temperature fa l l .
Bending and Direct Stress;
For compression over entire section
tr = N
< r
6x0 . _ N „  -) -  —  x K 
' btbt ' 1  + npc ' t*" + 1 2  npc r*
For tension over pa.rt o f section 
K3 - 3 (i  - |*)KX+6np. K = 3np. Cr~ +  ^~)
( 12 )
(13)
L =
f c =
np. r K
K tv
Lb tz
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f> = Nfc (Kt
t —■" ' t  t J
(3 - 2K) . . ............................  (14)
........................................................... (15)
- 1 ) .................................................... (16)
4. DIVISION OF ARCH RING TO MAKEA| CONSTANT. The method 
of dividing the arch ring to make^y constant is  the same as that 
given on p. 13 , Part I I .  The data used in the computation and the 
results are shown on Computing Sheet No. 8 and Plate No. I I I .
5. MOMENTS AND THRUSTS. Computing Sheet No. 9 shov/s 
that the load is  divided into sixteen separate forces in a d i f fe r ­
ent manner than in that given in Part I I .  This method o f d iv is ion , 
although not common in practice, involves no serious error, since 
th eoretica lly  there is no rela tion  between the d ivisions of the
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arch ring and the points of application o f the loads, the only re­
quirement being to have such a small subdivision o f the arch, ring 
and o f the load that the errors of approximation may be neglected.
The cantilever bending moments due to the given external
sloads which are required at the centers o f the ^ d ivisions were 
found by algebraical method as shown on Computing Sheet No. 10.
Moments and thrusts fo r  the d iffe ren t conditions o f load­
ing and fo r  temperature and r ib  shortening are given on Computing 
Sheet No. 11. The results on this sheet as well as the others 
have been thus arranged that the operations involved w ill  be c lear 
and need no explanation. The values of x and y, the co-ordinates 
referred  to the orig in  at the crown, were scaled from Plate I I I ,  
and the values of m fo r  dead load and fo r  l iv e  load plus dead 
were carried forward from Computing Sheet No. 10. The magnitudes 
of the thrusts, N, were scaled from the force polygon on P late IV. 
The values of M and N fo r  rib  shortening were obtained d irec tly  
from moments and thrusts due to f a l l  of temperature, by the ra tio  
F due to temperature H due to rib  shortening.
In finding the average unit compression in concrete due 
to thrust, two cases were considered; ( a ) that due to dead load, 
l iv e  load, f a l l  of temperature, and rib  shortening; and (B) that 
due to dead load, l iv e  load, r ise  of temperature, and rib  shortening
The shears fo r  the arch here analyzed being rather small 
are therefore omitted.
6. COMBINING OF MOMENTS AND TTTRUSTS AND MAXIMUM STRESSES. 
The methods used in combining moments and thrusts and find ing
A S
maximum stresses at d iffe ren t j  d ivisions are given on Computing
Sheets No. 5 and 6.
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in this Part as well as Part I I ,  the l iv e  load was con­
sidered as extending over certain d e fin ite  portions of the span 
and these loadings were assumed to produce the maximum e ffec ts , 
in general this assumption is only a very rough approximation, and 
considerable inaccuracy may result from such a method of procedure. 
Practice varies considerably as to the positions of the l iv e  load 
employed in testing the s ta b ility  o f an arch. Some engineers test 
the arch fo r  only two positions o f the l iv e  load, v iz . : over h a lf
the span and over the whole span; while others test fo r  four posi­
tions, v i z . : over three tenths o f the span, f iv e  tenths of the span,
six tenths o f the span and the whole span. In fac t, in the case of
large and important structures, the only satis factory  way to analyze 
fo r  maximum stresses is  by what might be ca lled  a unit-load or 
in fluence-line method. By this method the arch is  f i r s t  analyzed 
fo r  a load of unity at the several load points and then influence 
lin es  are drawn fo r  either moment and thrust or fo r  f ib e r  stress.
7. CONCLUSION. Computing Sheet No. 13 shows that in some 
sections, the allowable compressive stress has been exceeded.
Unless strong aggregate lik e  granite, trap rock, or richer concrete 
were used, the arch was designed with a too low a fac tor o f safety, 
as the American Society of Testing Materials recommends that only 
of the ultimate compressive stress o f concrete should be used 
in such structure. However, fo r  temperature stress a compression 
as high as 800 lb. per sq. inch has been allowed by some practice 
( see p. 7 ).
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Computing Slieet No. 1.
MAKING y *  CONSTANT.
Ref.
Distance 
along t^e 
axis from 
Crown, 
f t .
t
f  ect
t3 D ivi­
sion.
s
fe e t
t I AS/l
0 0 3. 00 27. 0 1 1. 65 3. 00 2. 25 0 . 73
1 2. 85 3. 02 27.5
2 5. 69 3.10 29. 8 2 3. 33 3. 00 2. 25 0. 75
3 8. 54 3. 25 34.3
4 11. 39 3.45 41.1 3 5.12 3. 05 2.36 0. 76
5 14. 23 3. 70 50. 6
6 17. 08 4. 04 65. 9 4 6. 99 3.12 2. 53 0. 74
7 19. 93 4.40 85. 2
8 22. 77 4. 82 1 1 2 . 0 5 9. 05 3.22 2. 78 0. 74
9 25. 62 5. 27 146. 4
10 28. 47 5. 80 195.1 6 11. 35 3.36 3.16 0. 73
1 1 31. 32 6. 35 256.1
12 34.16 6. 94 344. 2 7 14.15 3. 55 3. 73 0. 75
13 37.01 7. 55 430. 4
14 39. 85 8. 25 561.5 8 17. 85 3. 90 4. 94 0. 75
15 42. 70 8 . 89 702. 6
16 45. 55 9. 64 895. 8 9 23. 50 4.48 7. 48 0. 75
17 58. 40 10. 32 1092. 7
18 51.25 1 1 . 00 1331.0 10 51. 25 7. 63 37. 0 0. 75
Average -
1 " " ...... 1 — 0. 75
Computing Sheet No. 2
IE AD LOAD COMPUTATION.
Section
Arch Earth P illin g .
Volume 
cu. f t .
Weight
lb.
Volume 
cu. f t .
Weight 
. lb.
1 64. 3 9,640 188.2 18, 820
2 1 1 1 . 0 16, 650 114, 0 11,400
3 51. 6 7,740 71. 3 7,130
4 19. 8 2, 980 27. 8 2, 780
5 1 2 . 0 1,805 16. 0 1,600
6 8. 8 1,320 1 1 . 0 1 , 1 0 0
7 7.1 1,070 8. 4 84 0
8 6. 2 935 6 . 9 690
9 5. 7 851 6. 0 600
10 5. 3 791 5. 4 540
1 1 5. 0 766 5.2 520
1 2 4. 9 748 4. 9 490
NOTE: Since the end section o f the arch ring
is  rather long, i t  was divided into three sec­
tions and t^e load found fo r  each.
Computing Sheet No. 3. 
TOTAL LOADS OVER SECTIONS.
Sec­
tion
Horiz. 
P ro j.
Dead ILoad in 15. Live Load Total 
D.L.+ L.L.Earth Arch Track Total lb.
1 7.13 18, 820 9,640 210 28, 670 4,280 32,950
2 7.13 11,400 16,650 2 10 28,260 4,280 32,540
3 7.13 7,130 7, 740 210 15,080 4,280 19,360
4 4.05 2, 780 2,980 120 5,880 2,430 8,320
5 2. 95 1,600 1,800 90 3, 500 1,770 5,270
6 2.40 1 , 1 0 0 1,320 70 2,490 1,440 3, 930
7 2 . 1 0 840 1,070 60 1,970 1,260 3,230
8 1. 92 690 930 60 1,690 1,150 2,840
9 1 . 80 600 850 50 1,500 1,080 2, 580
10 1. 72 540 790 50 1,380 1,030 2,420
1 1 1. 69 520 770 50 1,330 1 , 0 1 0 2,350
1 2 1. 64 490 . 750 50 1,290 980 2, 270
29
Computing Sheet Ho. 4.
DATA FOR FINDING- ?FE TRUE EQUILIBRIUM.
Pt.
The Axis of 
Arch Ring
Tria l Equilibrium True Equilibrium
>>1*
4 iCo-ordinates Intercepts Products Intercepts. Products
from Center as
of L ine Q»l cl*2,o Id
X y bv i QV. X ix bm ak bm. y ak. y r-O.
. 1 -30. 89 0 0 12.83 0 -397.0 +13.70 +14.54: 0 0 +15.40
2 -19.48 11. 98 1 1 . 1 0 8. 08 -216. 0 -157.3 +2.27 +2. 53 +27. 2 +30. 3 +2 . 56,
3 -15. 40 14. 25 13. 33 6. 36 -205.6 -97. '9 - 0. 08 +0. 26 - 1 . 1 1+ 3. 7 -0.09;
4 -12.45 15 . 50 14.46 5.16 -180. 0 -64. 2 -1. 29 -0. 98 - 20 .0 -15.2 -1. 45
5 -10.04 16. 33 15.15 4.15 -152.2 -41. 6 -2.04 -1.81 -33. 3 -29. 3 -2. 29
6 - 7. 95 j 16. 89 15. 59 3. 30 -123.9 -26.2 - 2 . 50; -2. 35 -42. 2 -39. 6 - 2 . 82
7 - 6. 00 17. 30 15. 84 2. 50 - 95.1 -15. 0 - 2 . 82 -2. 75 -48. 7 -47. 6 -3.17
8 - 4.22 17. 55 15. 95 1. 73 - 67.4 - 7 .3 -3. 00 -2. 99 -52. 6 - 52. 5 -3. 38
9 - 2.49 17. 70 15. 97 1 . 00 - 39. 8 - 2. 5 -3. 05 -3.15 -54. 0 -55. 8 -3.43
10 - 0. 80 17. 77 15. 88 0. 30 - 12.7 - 0 .2 -3. 02 -3. 26 -53. 6 -58. 0 -3. 40
1 1 + 0. 80 17. 77 15. 73 + 1 2 . 6 - 2 . 92 -3.26 -51. 9 -58. 0 -3.28
12 + 2.49 17. 70 15.47 + 38. 6 -2. 71 -3.15 -48. 0 -55. 8 -3. 05
13 + 4.22 17. 55 15. 17 + 64.0 -2. 45 -2. 99 -43. 0 -52. 5 -2.76
14 + 6.00 117.30 14. 81 + 88. 9 -2.13 -2. 75 -36. 8 -47. 6 -2.4 0
15 + 7.95 16. 89 14. 33 +113.9 -1. 72 -2. 35 -29.1 -39. 6 -1.95
16 +10.04 16. 33 13. 72 +138. 0 -1.15 - 1 . 81 -18. 8 -29. 3 -1.29
17 +12.45 15. 50 1 2 . 89 +160.4 -0. 39 -0. 98 - 6. 0 -15.2 -0.44
18 +15. 40 14.25 11.67 +179.8 + 0. 70 +0. 26 +1 0 . 0 + 3. 7 + 0.79
19 +19. 48 11. 98 9. 55 +186. 0 +2. 70 +2. 53 + 32.4 +30. 3 +3. 04
20 +30.89 0 0 +0 1______ +11.90 ! +14.54 0 0 +13.40
290.54 256. a -110. 5| -809. 2 00 | +0. 08 -4 69.5 (-528.0 00 ~
Fc = p r = (3 x 1 x 150 + 3 x 1 x 100 + 1 x 600)x 30 = 45,000 lb.
R' = 2W = 256. 61 f t .  ,
— Zbv.x
R‘
Vl r:‘ 18+2
256.61 
20 = 12. 83 f t .  
R'T ria l Tr = t r ia l  Tl = -  = 128.3 f t .
v, mx = -1 -1 —  ^  = 13- 70 f  t *
x = R'
2ix
*r =
= -0.43
= -6.31 ft .  
+6.31 f t .
m»o =- J L _ ^ 2 L  vao n4o = 11.96 f t .x,
Zbm. yH, = TTc x ——*■ 10 c jak.y = 38,200 lb.
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Computing Sheet No. 5. 
HEAD AND LI VS LOAD STRESSES.
+ S ign ifies  Compression - S ign ifies  Tension.
—
Pts. ac T F Stresses, 
lb. per sq.in.
Max, 
lb. ;
. Stresses, 
per sq. in.
Bending Thrust Intrados Extrados Shear
a,
*
+0. 86
*
88,900
*
7,800 ±23 +81 +104 + 57 7
a3 -0. 35 43,250 2 , 10 0 +37 + 77 + 40 +113 4
a* - 0. 47 41,000 1,300 ±59 + 90 + 30 +149 3
% -0.48 39,800 300 + 68 + 82 + 14 +149 1
-0.42 38,600 900 + 69 +86 + 17 +154 2
- 0. 28 38,100 2 , 1 0 0 ±49 + 88 + 38 +137 5
an - 0 . 02 38,200 3,300 + 4 + 88 + 85 + 92 8
+ 0. 23 38, 700 2,200 + 39 + 88 +127 + 48 5
a»5 +0. 40 39,400 1 ,0 0 0 +62 + 85 +146 + 23 2
a i7 +0. 54 40,700 200 ±68 + 79 +148 + 1 1 0
+0. 53 42,200 550 + 56 + 75 +130 + 19 1
a + 0. 51 44,800 800 +40 +69 + 1 10 + 29 1
a zo_____ i
rHi—1 1 77,200 900 ±31 +70 + 39 + 10 11------------- 1
li av* , 81
w-----------L L _____.___ i_______ !
* Scaled.
f For the extrados, the quantities in th is column are plus, 
when the equilibrium polygon l ie s  outside of the arch axis, and 
minus when inside; and fo r  the intrados the stress is  the re­
verse o f that in the extrados.
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Computing Sheet No. 6. 
TEMPERATURE STRESSES.
S1tc t„ I 1,500,000x144x70.8x0.000,0054x20 1
Q, = -------- x —  = -------------------------1------------------ - --  x -------  = 4190#
Zak.y AS 528 0.748
5Q, = 6x4190 = 25,140. + s ign ifie s  compression; and - tension.
Pt. ak
ft .
For a Rise of 20° F. For a Fall o f 30°F.
T F fb ft
Maximum Stress 
in lb. per sq.in.
Maximum Stress 
in lb. per sq. in.
Scaled
lb.
* lb
sq.
per
in.
Intra- 
do s
Extra­
dos
Shear Intrar
dos
Extra­
dos
Shear
14. 54 2 , 10 0 3,620 ±44 +2 -42 +45 3 +62 -68 5
a3 0 . 26 3, 780 1,800 ± 3 + 7 + 4 +10 3 - 5 -15 5
% 0. 98 3,940 1,470 ±14 +8 +21 - 6 3 -32 + 9 4
as 1 . 81
osf<O 1,180 ±28 +8 +36 -20 2 -54 +29 4
2. 75 4,140 700 ±49 + 9 + 59 -40 2 -88 + 60 2
3.15 4,180 250 + 61 +10 + 71 -51 1 -106 + 77 1
af, 3.26 4,180 120 + 63 +10 +73 -54 0 - 1 1 0 +80 0
2. 99 4,160 520 + 56 “
+9 + 66 -47 1 -98 +70 2
a,5 2. 35 4,080 940 ±39 +9 +48 -31 2 -72 +46 3
a,7 0. 98 3, 940 1,470 +14 + 8 +21 - 6 3 -32 + 9 4
a 10 0.26 3,780 1,800 ± 3 + 7 + 4 +10 3 - 6 -15 5
a ,7 2. 53 3, 620 2,310 +23 + 9 -14 +32 4 +21 -47 5
_ a 2jo 14. 54 2 , 1 0 0 3, 620 ±44 +2 -42 +45 3 + 62 -68 4
The maximum unit stress fo r  a f a l l  o f temperature is
obtained by dividing the corresponding stress fo r  a rise o f
temperature of 20°F. by (-  |j~).
* I f  the pt. is  belov? the lin e  K( Kz<? then the stress in this
column is  compression on the extrados and tension on the in tra- 
do s.
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MAXIMUM COMBINED STRESSES.
Results in lb .per sq.in. + s ign ifie s  compression; and - tension
Dead & Live Bending Stress Eor a Rise o f 20°P. For a Pa li o f '30°P.
Pt. Load Stress due to short­
ening;
Temp.
Stress
Combined
Stress
Temp.
Stress
Combined
Stress
Int. Ext. 1 Int. Ext. Int. Ext. Int. Ext. Int. Ext. Int. Ext.
a, +104 + 57 +22 -22 -42 +45 + 84 + 80 +62 -68 +188
— 
— o 3
a3 + 40 +113 + 2 - 2 + 4 +10 + 46 +121 - 6 -15 + 36 + 96
a* + 30 +149 - 7 + 7 f»-21 - 6 + 44 +150 -32 + 9 - 9 +165
a5 + 14 +149 -14 +14 +36 -20 + 36 +143 -54 +29 - 54 +192
ai + 17 +154 -25 +25 +59 -40 + 51 +139 -88 + 60 - 96 +239
ai + 38 +137 -31 +31 +73. -51 + 78 +117 -106 + 77 - 99 +245
a il + 85 + 92 -32 +32 + 73 -54 +126 + 70 -110 + 80 - 57 +204
a,3 +127 + 48 -29 +29 + 66 -47 +164 + 30 -98 +70 0 +147
a!5 +146 + 23 -20 +20 +48 -31 +174 + 22 -72 +46 + 54 + 99
an +148 + 11 - 7 + 7 +21 - 6 +162 + 12 -32 + 9 +109 + 27
a, 8 +130 + 19 + 2 - 2 + 4 +10 +136 + 27 - 6 +15 +126 + 32
af1 +110 + 29 +12 -12 -14 +32 +108 + 49 +21 -47 +143 - 30
a 2,0 + 39 +101 +22 -22 -42 +45 + 19 +124 + 62 j -68 +125 + 31
Rio Shortening.
Av. — = 81 (only dead and l iv e  load considered, t^at due to
temperature being neglected)
Equivalent temperature producing the same e ffe c t
__T
AE 1 x
81 = 10° E . ( fa l l )xtc 1,5 o o,“ o 66x0. ooo, ooM
The bending stress due to the rib  shortening v/as obtained by
m ultiplying that due to a r ise  of 20°E. by t^e ra tio  - 
thrust due to the rib  shortening being neglected.
Shear is  small and therefore is omitted.
10
20
' 33
Computing Sheet No. 8.
DIVISION ON ARCTT RING TO MAKE f CONSTANT.
Diagram used for d ivision  o f the arch ring and 
the divisions themselves are shown on P late IV.
Measured length of t  arch axis = 52.55 f t .
Rods - 1 inch 12 inches c to c.
Steel area = (0.00546) (2 ) = 0.0109 sq. f t .  (a )
15a = 15 x 0.0109 = 0.164 sq. f t .
D  is to nee 
alonq tke 
a x is  -From 
K^ewbacK 
f t .
t
ft
x -  A *  
I S < w > *
d r
-  15 I s
---------------------------- f1— [
P fV.
----------------------------1
5 3Z
r c
S
t  at 
f  o i v
0 12. 55 162. 80 4. 25 13.06 2. 96 165. 76 l  < 20. 62 38.40 1. 86 7. 70
5. 25 9. 30 67. 00 3. 55 12. 60 2.06 69. 06 2 7. 22 13. 40 1. 86 5.40
10. 50 7. 65 37. 30 2. 77 7. 63 1.26 38. 56 3 4. 72 8. 80 1. 86 4. 70
15. 75 6. 65 24. 50 2.38 5. 66 0. 93 25.43 4 3. 61 6. 71 1. 85 4.25
21.00 5. 80 16. 22 2. 05 4. 20 0. 69 16.91 5 3. 00 5. 55 1. 85 3. 95
26. 25 5.12 11. 20 1. 81
|
3. 28 0. 54 11.74 6 2. 65 4. 79 1. 81 3. 75
31. 50 4. 50 7. 60
1
1. 55 2.40 0. 39 7. 99 7 2. 35 4. 30 1.83 3. 65
36. 75 4. 05 5. 52 1.42 2. 02 0. 33 5. 85 8 2. 20 3. 95 1. 80 3. 55
42. 00 3. 70 4.21 1. 30 1. 69 0. 28 4.49 9 2.10 3. 81 1. 80 3.50
47. 25 3. 50 3. 56 1.25 1. 56 0.25 3. 81 10 2. 04
i
3. 81 1. 83 3. 50
52. 55 3. 50 3. 56 1.25 1. 56 0.25 3. 81 11 | 2. 04 ; 3. 81 1. 83 3. 50
Average = 1. 83
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DEAD AND LIVE LOAD.
Concrete including reinforcement - 150 lt>. per cu. f t .  
Earth - 100 lb. per cu. f t .
Track - 90 lb. per sq. -ft.
L ive  Load - 600 lb. per sq. f t .
f ■
Ref
M&in A rc  h Sp^nclrel
►Arch
B e n c h  Wall 1E>rth 
Fi H ing
lb
r .
Tr*cK
lb
----------1
Total Total 
D.L.+ L.L.
lb.
2\ + b 
Ft,
h
ft
re A 
t.
Weight
lb.
including
Concrete
Filling
W  * A
' --i
W e ig h t
lb
D.
Lb. Lb.
1 20. 8 7. 0 72. 8 1 0 3 10 * t 10, 910 f 10,910
2 14. 6 5. 0 36. 5 ; 5,480 4,500 2x16. S 4,980 5,000 900 20,860 6,000 26,860
3 11.8 5. 0 29. 5 4,440 4,440 4,440
4 9. 8 5. 0 24. 5 3.670 4,500; 2x12.2 3,660 5,000 900 17,730 6,000 23,730 1
5 8. 4 5. 0 21. 0 3,150 3,150 3,150
6 7. 5 5. 0 19. 0 2, 850 4,500 2x9. 7 2,910 5,000 900 16,160 6,000 22,160
7 7.1 6.5 23.4 3, 500 3, 500 3,500
8 7. 0 1. 0 3. 5 525 2,250 1x8.8 1,420 2,500
1_____
450
__,_1
7,140 3,000 10,140
* (2) [ (±^LLL±zjl) + (5 .5 ) ( ! )  + (4) (1. 5) ] (1) (150) = 4500 lb .~2 T yM-0
•* (10) (1) (5) (100) = 5,000 lb. 
t (10 )(1 )(90 ) = 900 lb.
f (10) (1 ) ( 600) = 6,000 lb.
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CANTILEVER MOMENTS (m) 
Data from Plate IV.
/*
Z/of/z..
LP/st.
Let./***.-Ft.
ZPeczc/- Loci a/ /Vomer?/ DearZ-Loo-c/f?/t/s L/pe -Load/'Tomer?/
Dear/
Loa-d*
tbs-
Sv/nsrjo/jon 
of JPecu/
Loaa/s/6s
Socrerr?er7/
of /Vo/r?er?/i 
-Ft.//?.
To /a/ /Torr?erjf
ft. />.
J-/ve
/oads
//.
/?l/rr?maZ/or) 
a/ l/ve loads 
//?.
/ncrerr’ery* of
/Ttome^ ts
-Ft' />■
/Vo /??e/7fs
z..
ft-lb.
C-L.  ^O. 1*. S 
f i/b.
7,140 7,140 0 0 5,000 2u000
0.50 3, 570 1, 500
&*// .3,570 1,500 5,070
2755" 14,600 6,130
d*/t) 18,170 7, 630 25,800
1.20 8, 560 3, 600
k 3, 500 10, 640 25,730 11,230 37,9 60
0.87 9,250 2, 610
35,980 13,840 49, 820
2.11 22,400 6,330
58,380 20,170 78, 550
2.21 23,400 6, 600
81,780 26,770 108, 55C
0.56 5,950 ' 1 680
i; 16,160 26,300 87 730 6,000 9, 000 28,450 116,18C
1.30 51,000 17,100
% 138, 730 45,550 182,2.90
2.74 73,500 24,800
as 212,230 70,350 232,580"
0. 36 9. 650 3,250
3,150 29,950 221,880 73,600 29 5,4806
2.82 84,800 25,300
306,680 98,900 405,58 0
2.18 65,200 19,650
k 17,730 47,680 371,880 6,000 15,000 118, 550 4 90,4 3 v
1. 70 81,000 25,400
% 452,800 143,950 596,830 :
3.0)0 157, 000 49,500
?3 A , 440 52120 609,860 193,450 803,330
1.95 109,000 29,300
718, 880 222,750 941,63 0:
03.0 3 156,000 45.700
20, 860 72,980 876,880 6,000 21,000 268, 450 1,145,330
6.33 462,000 133, 0 00
10,910 83,890 1,5 36 , 880 401,450 1,740,330
i. 57 132,000 33,000
^  - 1,470, 880 434,450 1,905,330
j 83, 890 147Q880 21,000 434,450
Com pu/m j *Si/?ee/ AJo. //
M O M E N T S (F * /k ) and  T R U S T S  (/A ) on P O /N T  o f  O/VAS/OA/
Pcoc//ooaLp/os L/\se /<2<jcJ 027 f r y  fit Uo/fs.5>9027 Peoct/ooc/ /?/us Live Loc<J Le/npe ra  Lu re i//L? 'S fycrfen » 9
p i  X  S y* £ > e o d  l  o a d  f>/us
L i v e  L o a d
V£* A1c- 4 30 600
0/7 fV/lo/e S/9C4/7 Fo// o f4 0 °f  fr/So o f  40° F  
FL0777C27 fs Os?<t TrOsLs o f
1 Ziv* f o o d  027 fri<///7 / /o /f ‘S ‘/M>/t / /  vc /C64c/ 021 
<96 0
LVL>c/e S p o n  
* 7 - c: y- cc.
t/? Crc29/7 67rC "S / / ?  m .x  m y  f f f  m x  /n y K d  vc jc
l e f t H o/f f r y h / H a lf
-O le . S ( f
7e ■ -2-8500 /% 4 80.400 0// | /?/<*«■ | /T* //
A/ M <S CO Zed/ (Sco/erf) A/ sv A/ /v M 7S7 M /V /V
~Z~» O c o o O c o o O 0 0 0 * *<,,*><> /•S20O *• 20e€00 /» 5.200 °
+ 2*,oeC til'COO ° * 8‘* ' e - 2 1 SCC * 20400 -  6200 4 3/500 - 4500 4 z4.600 - 7.500 f J4.0OC -  40.300
~ cC 3740 /xnn W36-4 3360 7470880 55,800,000 3JSSO,oao 1,905,330 72,200000 30*50000
t1,685,000 - /6C000 ♦ 74.700 736,300 - 34,700 737,060 /,900.00c 4 19.000 749600 - 372,000 - 3//./O0 - 17/5C -  78.260 - 9,300 -  /J/000 - *,700 -  <?fteco -  ZJCCCC -  7iJ.dc
cfz 7*3 733-6 352 7/8,880 19.360.000 5,340.000 <f4/,640 zs.3oo.ooo 7,000,000 * 782,000 -  7/4.000 - 30300 //?,eoc
- 25,000 / 22,300 885006 - 32,6 co /S£t30o -  22.200 -  25.400 -  5.300 -  39,500 - r,3oo -  50,700 - <,mo -  42,500 -  8.900
d 2/70 4-68 4/0.9 319 452,880 4830,000 2320,000 596,830 /3,000000 1 ,000,000
« 493.000 -  42,000 - 3/306 //7'TCO + 8,800 779.800 S58.000 - ,AS0° ,3Aeco - /,4,000 -  33.200 - 22.400 - 8.300 -  5.650 -  ,2,800 - 8.860 - 20.200 - «,800 -  43,800 - 9460
d. 3/0 3/68 96 306,680 5,460,000 950,000 405.580 7,230,000 /, 340000 4 326,000 -  75,000 - 3S./00 772000 4 76,000 ///.OOO
369,oec * ***** /ZS.cec - 76,000 4 4.90c - 2j,2oo 4 7.240 -  5.800 , 4900 -  1706 4 ,50 0 -  7,/oo '  91700
d. 3-06 2/J.Z 4 2 2/2,330 3,//0.000 436.000 382,580 4./40000 586000 4 2/6.000 -  61,800 -  37,400
4 75,800 / ><7,000 244.ooe - ***** '**.*— - 50000 f Jo,9C0 - 23.600 4 7.800 -  5900 ♦ y/,/cc - 9.200 4 9,400 -  7.ZOO -f /3000 - ^rfoo
dt H.90 J.3S /4I.6 ,8 /38.730 7,652,000 787,500 784280 2.795,000 249,000 4 /42000 - 30.200 - 86,300
/ / 0.000 * 28,500 7/0,000 /6/.OOC * 70c / 2  4 2  co -  33,000 4 5/900 * 42./OC -  e.000 4 78.600 - 9.400 4 >4.(oo - 7,3oo -4 20000 - 1,700
d , 9-f4 086 8V 0-7 81,780 722,000 €4500 208/558 7.023000 42.200 • 89.500 -  40,000 -  11.680 706.706 - A,.60°
/05JOO /0/.000 ♦ /6S00 //9e3oc -  20.000 ♦ 60./0O -  24,200 * >5.700 - 6,200 * 23.500 - 7,500 4 48.300 - 7,4oo • 28.200 - /Oyov
a, 723 0-50 32 3 0-25 58.380 422,000 24.200 78,550 567000 3*300 4 52,700 -  30,500 -  / 5,600 706,700 * 2 5.300 /o56oo
59.500 + 4000 //%4<H> - 72,200 ♦ 68,760 - >7.240 ■* 6,/oo 4 26,600 - 1500 t 21006 -  7.4oo 1 20,900 - /O.JCO
d 5/2 036 2(7 007 35,980 784000 9.350 49.820 354,000 72.400
t 2/900 -  27.600 -  9.600 706,000 4 11800 105,800 3/, 600 ♦ -5,200 //% 700 -  6,360 T 74.500 - 26,400 * >8.800 - 6/00 4 21.000 <4,660 4 22,700 -  7.SOC 4 34.200 - /f^ o0
dM 30S 0/0 9-3 00/ 78,7/0 54,600 7,8/7 | 35800 78.600 2,580 4 /CSOO -  /2.800 *  ,C0 765,800 * 18,lao 705,800 11,9 00
A 10,100 >/%JCC -  2,450 * 78.560 - 21566 4 <9.800 ~ 6, >00 * 30,600 V,5C0 4 2*000 - 7.500 4 53 000 - /C,JOO
cf„ too ooo to o 3,570 3.570 O S,o/o 3,070 O O - 4,220
705.200 4 19,716 765,200 C a IS.?#* /19,coo 0 . 80.906 -  24500 « 20300 - 6.700 + 3 >6co 1560 ♦ 24,600 -  7.500 4 34.000 - ,caW
Oompafing Sh A /o ./E  
M AXIM UM  M O M E N T &■ TRUSTS
T e r / /  o f  T e m p . R i s e  o f  T e m p . F o / /  o f  T e m p . T / s e  o f  7 e m o .
L i v & L  o o a / o n  
f t *  / J a / r S p o n
h v e l c
M  h o l e
O c / o / 7
S p a r ?
L i v e  u
f t / h o t
■xj c / o o
' f < S p < s n
/ / v e / o o c / o T ?  
/  V / 7 0 / c  'S p u r / 7
l / v e  L o t / c / 0 7 ?  
f t !  h a / f S p a n
V / v e l o o c T 0 7 7
/ V / ? o / e  S p a r ?
/ / v e / o a c / o / J  
f t /  H c * / f  S p o r t
l i v e  L o a t c / o n  
P \ h ? o / e  \ )  p a * / 7
M A / M A 7 A / A / A f  T V M
r
A V A / A / A V M A 7
T e m p .
R -  S A a r / m * * * ^
♦ 8 0 / 0 0
*  e c / w o
-  2 4 , S e e
-  6 2 0 0
+  a c y a c
■t 1 4 ,6 0 0
-  2 4 f$ e c
-  7 ,50 0
-  8 0 ,4 0 0  
'  3 1 .5 0 0
* 2 4 5 0 0  
-  4 ,5 0 0
-  8 0 4 0 0  *  24,500  
*  3 4 ,0 0 0  ~  f C t30C
♦ s  7 ,4 0 c  
+ / 2 , / c e
•  2 3 ,1 0 0  
-  t a x
♦ 5 ^ 7 0 0  
f  14,600
! -  2 4 7 0 0
1 -  7.300
-  5 ^ 7 0 0
4 *8 ,6 0 0
4 2 3 9 0 0  
-  7 4 0 0
-  57 ,900  
4 2 0 ,0 9 0
4 7  3 ,9 0 0
-  V ,7 0 O
L . L . + D L
+  / C / , 3 0 0  
t  8 o , e o o
-  3 0 ,7 0 0  
4 7O S , 20 0
4 * 0 5 5 0 0  
4 Z O o o C
~  J f ^ o c o
* 1 *9 0 0 0
-  4 % 4 o o  
■* 2 0 ,6 0 0
*  /S ,o o o
*  /<*5 ,20C
-  4 .6 ,4 0 0  t  *4 ,2 0 0
*  2 4 ,0 0 0  f  */9 ,O O C
-» 70 ,0 00
♦ 28,500
-  2 f ,1 O 0  
4  H O O C C
4 7 2 .5 0 0 
t  * o o
| -  3 * ,2 0 0  
| ■* /2 4 0 0 0
-  3 7 5 0 0
-  2 6 ,5 0 *
-t  /4 ,5 0 c  
4 n  0 ,0 0 c
-  3 7 ,1 0 0  
4 /O O
4 7 4 ,2 0 0
* 7 2 4 0 0 0
T o l a r /
X o
t
4 / 2 M O O  
C r o w n
4 7 4 ,5 0 0 4 /  29t5 c C  
4  0.
4 87tC C O  
1 2 5
-  Z  8  ,8 0 c  
•  0.
*  120 ,200  
0 6 8
-  2 2 / f C O  * / 3 3 ,2 0 0 f I8 ,£ o o
C t *
t o
t  80 ,1 00
3 2 8
4 1 3 2 C 0 ! *• 9 Z 8 0 C -  6 4 0 0 0 t  *2 4 ,5 0 0 •  3 % 2 o c  
- c .
4 7 3 8 ,2 0 0  
> 7 2
T e m p .
f t  S h o r / c r t t n y
•  3 l t / 0 O  
-  7 6 , ZOO
-  / ^ / S O
-  * ,3 0 0
-  3 / / ,  / o c
-  7 5 ,0 0 c
-  * 1 * 5 0
-  5 ,2 0 0
-# 3 / / y /0 0
-  /  2  i,O co
1 17, IS O  
-  6,700
♦ 3 * 1 * 0 0  t  *7 ,9 5 0  
-  / 3 0 ,0 0 0  -  7, ZOC
4 60, t o o
f  15, * 0 C
* z q z c o  
-  ^ o o o
f  6 0 /0 0
*  78 ,3 00
1 -  2ftJO O
\ -  7,400
-  6 0  /0 0  
t  23 ,5 0 0
4 2 4 ,2 0 0  
-  1 5 0 0
-  € c / o c  
4 2 5 ,2 0 0
* 2 4 .2 0 0  
~  7 0  j  O C
L.L.
-  3 6 4 ,3 0 0
~  3 9 / ° °
-  2 / 4 5 0  
4 13 7,000
-  4 0 4 ,7 0 0  
r  *4 ,OCX
-  2 7 ,3 9 0  
4 /4 4 6 O C
•* * 4 o . / o o  
*  74 ,7 0 0
4 /  0 ,4 6 0  
f  /3 7 0 0 0
t / 8 7 / 0 0  *  % i s c  
4 74,000 1 141/600
4 7 5  z o c  
*  4 * ,t o o
-  3 0 ,2 0 0  
t  10 5 ,30  0
4 78/400 
4 *6 ,60 0
-  3 / , t o o  
4 / * 1 ,3 0 0
-  3 6 6 C O
-  7 /6 S C
+  * 4 7 0 0  
4 7 0 6 ,7 0 0
•  3 4 ,9 0 0
4 * 6 ,5 0 0
4 7 4 ,0 0 0  
* *7 9 ,3 00
T o l a /
H o
*
- 4 - Z 4 C W
s
4 7 7 5 ,6 0 0  
4 8 2
- 3  # 7 , / c o 4 7 2 7 ,2 5 0 * 2 6 4 ,8 0 0 i  *47 ,4 90 +  2 0 0 ,/0 0  4 *59 ,550  
v  0 . 7 c 3
t  n t ,9 u o  
& 7
. 4  O
♦ 7 5 7 0 0  
4 2 7
- r  1 4 9 0 0 4 8 7 ,7 0 0 -  4 8 ,2 8 0  
- O .
4 1 2 *,I C O
* 0 9
-  7 8 ,4 0 0 4 7 3 3 3 0 0
T e m p .
f t • \S h o r / o n / r ? ^ *
-  i o / , i o o
"  2 5 ,4 0 0
-  /  2 ,2 0 0  
-  5 ,3 0 0
-  *07 ,7 00  
“  3 0 ,7 0 0
-  r r z o o
-  6 ,< ^ o o
*  / O i J C C  
-  3 4 ,5 0 0
t  * 2 ,2 0 0
-  8 , 3 o o
* / O / / 0 U  ♦ 12 ,2 00
"  4 2 ,5 oo  -  8 .4 o c
i  6 8 ,7 0 0  
♦ 1 7 ,2 0 0
-  2 4 ,2 0 0  
•  6 , *0 0
4 658,700 
4 2 t ,C C C
-  2 4 2 0 0
-  7 ^ 4 0 0
-  6 4 ,7 0 0  
4 26 ,6 0 0
t  2 4 , 2 0 °
•  1 ,5 0 0
-  € 8 ,7 0 0
4 2 8 /7 0 0
* 2 4 ,2 0 0  
- / 0 t 2 0 0
/ . /  *  0  E .
-  /  2 6  6 0 0  
•  3 0 3 0 c
-  i  7 ,5 0 0  
4 1 /4 ,8 0 0
-  7 3 7 ,8 0 0
-  3 2 6 0 0
-  Z 8 6 0 0  
*  * 3 0 3 0 0
■* 6  1\ 6 c O  
-  2  b c o o
«  3 , 7 0 0
+  * 2 2 ,3 o c
4 5 9 ,6 0 0  4 3 3 0  c
~ 3 2 ,6 0 0  * *36 ,300
t S S , i c o  
-* 2 6 ,3 o c
-  3 0 ,3 0 0  
V  *05 ,6 00
4 8 1 / c c
4 5 ,0 0 0 4 7 *9 ,6 00
-  4 7 /0 0  
•  7 5 ,6 0 0
4 1 4 ,7 0 0  
t  *0 6 ,7 0 0
-  3 9 8 0 0  
4 5 ,0 0 0
4 * 4 ,0 0 0  
4 * *9 ,6 o o
7 o * o /
■ &
• 7 5 6 , 8 0 0
o L
4 1 0 2 ,3 0 0 -  /  € 4 f /O C  
• 0 . 2
*  1 /7 ,7 0 0
S<7
f  3 6 ,6 0 0 +  / Z 6  2 0 0 ♦ ^ 6 ,0 0 0  f  *3 4 ,6 o o
■ * 0 0 3 4
t  111,200  
c *
a  ^  0
1 76,300
4 * 7
t  <74*700 4 8 8 0 0 0 '  5 ^ / 0 0  
- 0 .
4 * 2 * 4 0 0  
* 3 4
-  3 7 ^ 0 0 + /3 c r 6 o o
Temp
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